a Among the contenders in the new generation energy storage arena, all-solid-state batteries (ASSBs) have emerged as particularly promising, owing to their potential to exhibit high safety, high energy density and long cycle life. The relatively low conductivity of most solid electrolytes and the often sluggish charge transfer kinetics at the interface between solid electrolyte and electrode layers are considered to be amongst the major challenges facing ASSBs. This review presents an overview of the state of the art in solid lithium and sodium ion conductors, with an emphasis on inorganic materials. The correlations between the composition, structure and conductivity of these solid electrolytes are illustrated and strategies to boost ion conductivity are proposed. In particular, the high grain boundary resistance of solid oxide electrolytes is identified as a challenge. Critical issues of solid electrolytes beyond ion conductivity are also discussed with respect to their potential problems for practical applications. The chemical and electrochemical stabilities of solid electrolytes are discussed, as are chemo-mechanical effects which have been overlooked to some extent. Furthermore, strategies to improve the practical performance of ASSBs, including optimizing the interface between solid electrolytes and electrode materials to improve stability and lower charge transfer resistance are also suggested.
Introduction
The development of electrochemical energy conversion and storage devices is one of the most important challenges to alleviate the greenhouse effects caused by emission of CO 2 . 1, 2 Owing to their high specific energy, large-scale rechargeable batteries have recently become highly sought after for applications in power grids and electric vehicles. 2, 3 However, the flammable, reactive organic electrolytes used in conventional batteries incur severe safety issues. 4 In addition, although Li metal has an extremely high theoretical specific capacity (3860 mA h g À1 ),
low mass and the lowest negative electrochemical potential (À3.04 V vs. SHE), rechargeable batteries using Li metal have not been commercialized because of lithium metal's low cycling efficiency and tendency to form dendrites during repeated charge/discharge. 5, 6 The only exceptions are the Blue Solutionst batteries for EVs and buses that use a polymer electrolyte that operates at about 70 1C instead of a liquid electrolyte.
In this context, all solid-state batteries (ASSBs) based on solid electrolytes (SEs) can not only address safety concerns, but may also enable the use of high voltage cathode materials and Li/Na metal anodes to allow for long-term stable and high energy density batteries. An increase of more than 20% in energy density (depending on additional cathode capacity at high voltage) can be achieved by increasing the cell voltage from 4.2 V to 5 V. 7 Oxide-based inorganic solid electrolytes can endure such high voltages whereas liquid electrolytes are not stable at such very oxidizing potentials. 7 ASSBs exhibit additional advantages including low self-discharge, versatile geometries, high thermal stability, and thus wide operating temperature, 2 and as well as resistance to shocks and vibrations. 8 Moreover, the solidification of the electrolyte allows for the design of highvoltage bipolar stacked batteries and effectively decreases the dead space between single cells with thinner current collectors. The SE is the most vital component in solid-state batteriestogether with the electrode materials -as it determines the power density, long-term stability and the safety of the batteries. To realize ASSBs that can operate at ambient and moderate
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temperatures, SEs with high ion conductivity (410 À4 S cm À1 , better 410 À3 S cm À1 in case of thick composite electrodes), 9 negligible electronic conductivity (o10 À12 S cm
À1
), 9 and a wide electrochemical window 10, 11 are necessary. The greatest obstacles to the integration of SEs into batteries are the inherently poor ion conductivity of most SEs and the large resistance at the interface between the SE and active material, but also chemomechanical issues related to volume changes of active materials. Favorable interfacial contact and chemical stability between the SE and the electrode materials are both critical to achieve good electrochemical performance. The electrode-electrolyte interface particularly becomes an issue if nanostructured electrodes are to be considered and/or if large volume variations arise during cycling. [12] [13] [14] The chemical stability of SEs is not necessarily better than that of liquid electrolytes and, in the majority of cases, relies on kinetic, not thermodynamic factors (as in liquid systems). Inorganic conductors and organic polymers are the most commonly used solid electrolyte materials in ASSBs. The former are characterized by high ion conductivity (410 À4 S cm
) in many cases and high thermal stability. Furthermore, typical inorganic SEs are single ion conductors that preclude concentration polarization effects. However, ASSBs using inorganic ceramics often exhibit lower-than-expected electrochemical performance due to their poor interfacial contact with the electrode material. 4, 15 Inorganic ceramics and organic polymers differ greatly in their mechanical properties and are thus suitable for different battery designs. The high elastic moduli of ceramics lead to poor processability because of their brittleness and hardness. Nevertheless, they are appropriate for rigid battery designs, such as thin-film batteries. In contrast, polymer electrolytes are well suited for flexible battery designs owing to their low elastic moduli. However, they suffer from other drawbacks, such as low ion conductivity (o10 À5 S cm À1 at ambient temperature), low cation transference number (t + E 0.2-0.5) unless the anion itself is tethered to a polymer and poor oxidation resistance. 16 Ceramic/polymer composite electrolytes may combine the high conductivity of ceramics and excellent flexibility of polymers and hence have recently attracted much attention. 17 Full reviews of inorganic Li-ion conductors were published by Knauth in 2009, 18 Shao-Horn's group in 2015, 19 and Chen et al.
in 2016, 20 in addition to many other shorter articles which focus on specific classes of SEs, including perovskites 21 and garnets. 22 Brief accounts of the pros and cons of solid electrolytes in battery systems have been recently provided. 7, 23 Following the fast progress in the search for new and optimized SEs, our current review gives an up-to-date, yet comprehensive description of the
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Lithium ion conductors
Crystalline ion conductors exhibit better thermal stability than polymeric materials. However, several difficulties arise for crystalline electrolytes that are associated with their grain boundaries and their fabrication into thin sheets or layers. Grain boundaries in polycrystalline conductors can lead to a locally perturbed structure -often in conjunction with high defect concentrations 9 -which may cause a large resistive barrier and hinder ion migration across the interface in materials with otherwise high bulk conductivity. The transport of mobile ions across grain boundaries thus becomes the rate-determining step. The opposite effect can also occur: in solid electrolytes with low bulk conductivity, a high fraction of grain boundaries (i.e., in nanostructured materials) may improve the total conductivity by providing better transport paths. The beneficial effect of interfaces on ion transport is highlighted in Section 4.2.
Compared to crystalline ceramic materials, glasses are superior in terms of isotropic conductivity and lack of grain boundaries. From the technological point of view, glasses are often easy to process into thin films. The use of thin film separators can significantly reduce the internal resistance of batteries. For practical applications, the minimum conductivity required depends on the thickness of the separator layer. A total Li ion conductivity greater than 10 À6 S cm À1 is required in order to avoid having to use a separator thickness well below one micron to minimize the IR drop across the film. Lithium phosphorous oxide nitride (LiPON) is one of the successful examples that has been employed in thin-film solid-state batteries. LiPON is an amorphous phase deposited by magnetron sputtering of Li 3 PO 4 in a N 2 atmosphere. 26 The conductivity is a function of the N/O ratio and deposition conditions, with the maximum reported conductivity being ca. 32, 33 Another important family of glasses is based on mixtures of Li 2 S and P 2 S 5 , where conductivity on the order of 10 À3 S cm À1 has been reported with the addition of lithium halides. [34] [35] [36] Interest in glasses has reignited recently due to observations of dendrite growth through grain boundaries in polycrystalline ion conductors such as LLZO. [37] [38] [39] A particularly important advance was reported by Hayashi in 2014, where an extremely high conductivity of 1.7 Â 10 À2 S cm
À1
was reported for a Li 2 S-P 2 S 5 glass-ceramic phase. 40 By employing glasses, unavoidable local mechanical pressure during cycling in ASSBs may be better compensated, while protective interphases are necessary in order to stabilize anode and/or cathode contacts. Although this review focusses on crystalline oxide and sulfide conductors owing to several major breakthroughs in crystalline conductors, some discussion on glasses and glassceramics is also covered here.
Crystalline conductors
A wide variety of lithium metal oxides, sulfides, phosphates, nitrides, and halides have been shown to exhibit high ion conductivities, as summarized in Fig. 1 . [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] LiI, 53 Li 3 N, 54 Li-b 00 - 64 and wide electrochemical windows (reported to be greater than 8 V). LLTO has a perovskite (ABO 3 ) structure, with the A-sites partially occupied by Li or La. The A-site cations are not randomly distributed, but are ordered to form alternately stacked La-rich (La1) and La-poor (La2) layers along the c axis. [65] [66] [67] [68] [69] [70] Previous studies have shown that the Li-ion conducting behavior in the grain interior is highly dependent on the crystal structure, composition (e.g., A-site vacancy concentration, the degree of A site cation ordering, and dopants) and structural distortions. [65] [66] [67] [68] [69] [70] Li-ion jump events occur only when adjacent vacant A-site cavities are available. 21 The Li-poor (0.03 r x o 0.1) compositions are reported to show orthorhombic symmetry (Fig. 2a) , with high La occupancy in the La-rich layer (Fig. 2d ) and anti-phase tilted TiO 6 octahedra along the b axis; [65] [66] [67] [68] [69] [70] while in Li-rich (0.1 r x o 0.167) compositions, the symmetry becomes tetragonal 70 ( Fig. 2a) Earlier studies also found the total conductivity of LLTOs is governed by ion transfer across the grain boundary (GB). The latter conductivities are reported to be in the order of 10
, which is about 1-2 orders of magnitudes lower than that of the bulk. Scrutiny through high-resolution transmission electron microscopy (HRTEM) reveals LLTOs have complex microstructures: domains with different crystal orientations and periodicities are observed. The relationship between conductivity and microstructures (e.g., density, domain size, atomistic structure, and composition of the domain boundaries) 70, [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] were recently examined. The heat-treatment temperature affects the domain size, with a higher sintering temperature leading to a larger domain size and higher domain boundary conductivity (see Fig. 2b-f) . 90 Scanning transmission electron microscopy (STEM) verified the existence of a large fraction of 901 domain boundaries, which was proven by DFT calculations to be detrimental to ion transfer. 89 Their elimination is predicted to increase the conductivity by about three orders of magnitude. 89 As shown in Fig. 2f and g, higher conductivity is also achieved when the Li concentration at the boundaries increases.
The origin of the poor grain boundary conductivity in LLTO was explored by Nan's group. 88 STEM/EELS analysis ( Fig. 3a-g Fig. 4d and e) . 60 The deleterious role of resistive grain boundaries on the ion conductivity of polycrystalline Li 3 OCl is suggested in a recent theoretical study (namely, the grain boundaries exhibit about one order of magnitude lower conductivity than the bulk). 120 Even the relative densities of hot-pressed ceramics were only B95%, resulting in a low room temperature conductivity of 2 Â 10 À7 S cm À1 . 121 The partial substitution of Ti and green tetrahedra are occupied by P 5+ (18e); O 2À is located at the corners of the polyhedra (small red circles, two Wyckoff positions 36f). 118 (b) Ion conductivity of NaSICON structured Li ion solid electrolytes. 134 (c) MEM-reconstructed negative nuclear density maps. 52 132 The incorporation of trivalent cations influences the conductivity by increasing the concentration of mobile ions in the framework, as well as by invoking additional interstitial migration with lower activation energy. 133 Besides the bulk conductivity, the grain boundary conductivity was also augmented by the greater densification of the pellet allowed by R 3+ substitution. Superionic conducting glass-ceramics (lithium-aluminumtitanium-phosphate (LATP) and lithium-aluminum-germaniumphosphate (LAGP)) were first reported by the Ohara company 139, 140 and subsequently by other researchers. [141] [142] [143] [144] [145] [146] An extremely high conductivity of 5.08 Â 10 À3 S cm À1 at 27 1C, much higher than that of the crystalline analogue, can be obtained by optimizing the heat-treatment conditions. 144 The presence of dielectric phases (Li 2 O and AlPO 4 ) -unavoidable by-products that form during the sintering process of these glass-ceramics which mainly segregate at the grain boundaryhave been detected and identified. [141] [142] [143] [144] 146 (Fig. 6a) . 158 LLZO also exists in a more thermodynamically stable tetragonal phase (I4 1 /acd). It exhibits a conductivity that is one to two orders of magnitude lower than that of the cubic phase because of the fully ordered arrangement of Li ions at the tetrahedral 8a sites and octahedral 16f and 32g sites. 159 Therefore, major efforts have been focused on using substitution strategies to stabilize the highly conductive cubic phase through a reduction in Li content and/or an increase in the Li vacancy concentration. The substituent Al 3+ -either intentionally added or unintentionally introduced from alumina crucibles -was first found to be effective. ). 167, 168 This was attributed to an effective reduction of grain boundary resistance through the formation of nano-crystalline LiAlSiO 4 in the grain boundaries. Many X-ray and neutron diffraction studies have been geared towards determining the crystal structure and the Li environment in garnet type electrolytes. However, the phase stability and the ion transport mechanism are still controversial, [190] [191] [192] 195 They found that as the Li content increases, the tetrahedral site occupancy is reduced whereas the fraction of Li in octahedral site increases. This results in a shift in the Li environment from primarily tetrahedral (at x = 0) to octahedral (at x = 1.6). Since the tetrahedra and octahedra are connected by a shared face, simultaneous occupation of adjacent polyhedral sites inevitably leads to reduced Li-Li distances and displacement of Li away from the shared faces. The electrostatic On the other hand, MD simulations evaluate the Li ion hopping events, and quantitatively assess the collective migration behavior. As shown in Fig. 6b , MD simulations indicate a concerted migration mechanism in cubic LLZO, indicative of a complex cooperative mechanism. 158 The Li diffusion pathways in LLZO and the evolution of Li motion with temperature were also investigated by high-temperature neutron diffraction techniques combined with the maximum-entropy method (MEM). 197 Temperature-driven dynamic Li-ion displacements exhibited a 3D diffusion pathway constituted by an interlocking network of 24d-96h-48g-96h-24d site segments ( Fig. 6d-f leads to a lower conductivity due to narrower diffusion pathways, the structural reasons behind the reduction in conductivity upon moving from Ge 4+ to larger Sn 4+ were not well understood.
The structure-property relationships governing this behavior was employed by Zeier's group 217 employing a combination of speed of sound measurements and electrochemical impedance spectroscopy (EIS). It was shown that increasing the Sn 4+ fraction in Li 10 Ge 1Àx Sn x P 2 S 12 leads to a more tight structural bottleneck along the diffusion channels in the z-direction, and concurrent increase in the lattice softness, which causes stronger local ionic bonding interactions between Li + and S 2À , and therefore an increased activation barrier. 217 A different composition, Li 11 Si 2 PS 12 , shows a conductivity of 2 Â 10 À2 S cm À1 at room temperature as inferred from NMR diffusivity data. This represents a very high value for solid Li ion conductors; however the phase can only be accessed under pressure. 215 The tetragonal structure of LGPS (space group P42/nmc (137)) in Kanno's report 45 was determined from powder diffraction and Rietveld refinement. The reported framework is composed of GeS 4 /PS 4 tetrahedra, LiS 4 tetrahedra and LiS 6 octahedra. The tetrahedrally coordinated Li1 (16h) and Li3 (8f) sites form a 1D tetrahedral chain along the c-axis while the octahedrally coordinated Li2 position between these chains was assumed to be inactive for ion conduction. 45 MD simulation performed by Mo et al. 11 supported this highly anisotropic diffusivity in the
LGPS structure. Careful examination of the isosurface from long MD simulation by Adams et al. 218 suggested the existence of an additional site at (0, 0, 0.22) (marked as Li4, Fig. 7a and b) . Single crystal structure analysis identified a similar Li4 site at (0, 0, 0.251 (2)) with an occupancy of 0.81 (7) and rather large anisotropic displacement parameters similar to the Li1 and Li3 positions. 219 The thermal ellipsoid of the Li4 site is aligned perpendicular to the c-axis, and provides an extra diffusion pathway connecting the channels along the c-axis formed by Li1 and Li3. 219 A recent neutron diffraction study combined with nuclear density maps verified the quasi-isotropic lithium diffusion in LGPS and three most prominent pathways for lithium transport, namely, along the h001i direction (Li3- (Fig. 7f) , along with the previously identified lithium migration channels along the h001i direction (Fig. 7e) . 218 Their calculations also suggested increasing occupancy in the Li4 site with increasing temperature (Fig. 7g ) and its role in connecting Li4-Li1 thus enabling a 3D network for Li ion migration. 218 Very recently, a remarkably high conductivity (2. Fig. 8a and b) whose structure is related to LGPS. This is the highest value reported to date for Li ion conductors. The anisotropic thermal displacement and nuclear density distribution of Li suggest a threedimensional (3D) migration pathway (Fig. 8c ), in agreement with previous studies. 220 Another LGPS-related composition, The addition of halides to thiophosphates can increase the conductivity of quasi-binary or quasiternary systems. Outstanding examples are the halogen-substituted argyrodites Li 6 PS 5 X (X = Cl, Br, I). 62 The ''parent'' argyrodite of Li 7 PS 6 crystallizes both in a cubic high temperature (HT) phase and an orthorhombic low temperature phase. The partial substitution of sulfur by halogen anions can stabilize the cubic HT phase at room temperature 221, 222 and results in a good conductivity of B10 À3 S cm À1 .
223
Fig . 9a shows the unit cell of Li 6 PS 5 X. The framework of the lattice is built-up by PS 4 3À anions that are centered at the 4b sites, with the remaining sulfur occupying the 4a and 4c sites. 224 Upon substitution of sulfur with halogens, sulfur constituting the PS 4 groups are not replaced but instead, halogens occupy the 4a or 4c sites. The Li + ions are located at the 48h and 24g Wyckoff sites, with the 24g sites acting as the transition state between hops from 48h to 48h. Twelve 48h sites surround each 4c site, and form a cagelike structure depicted in Fig. 9b . 224 Li diffusion occurs through three different jump processes: the 48h-24g-48h, which is termed a doublet jump; and the 48h-48h jumps within the cage, and between cages, which are deemed the intracage and intercage jump, respectively. 222, 224 MD simulations show that the low jump rate of intracage jumps limit the macroscopic diffusion, as shown in the trajectory and jump events in Fig. 9c and d . 222 With the replacement of sulfur by a halogen, Li vacancies are introduced via charge compensation. The halogen distribution determines the distribution of Li vacancies and thus the local Li ion diffusivity. I À ions only occupy the 4a site, whereas Cl À (or Br À ) show disorder over the 4a sites (inside the cage) and 4c sites (outside the cage). The disorder of halogen ions over the 4a and 4c site was confirmed responsible for the high conductivity in Li 6 
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Recent calculations give hope that an even higher conductivity 410 À2 S cm À1 may be achieved. 227 The first experimental elucidation of fast lithium ion conductors in the Li 1+2x Zn 1Àx PS 4 (LZPS; x o 0.5) solid solution whose existence (and conductivity) had only been predicted by theory 228 has also been recently reported. 229 The presence of excess interstitial Li ions in the structure -resulting from the partial substitution of Zn in the parent phase, LiZnPS 4 -was identified by combined neutron and synchrotron X-ray powder diffraction studies and correlated with ion conductivity upon increasing the Li/Zn ratio. While the ion conductivity of the parent phase was found to be higher than predicted by theory, conductivities of the solid solution series as high as 1.3 Â 10 À4 S cm
À1
, were still two orders of magnitude lower than computation suggested. This was ascribed to the fact that although substoichiometric phases close to those targeted were successfully synthesized, all ''defect compositions'' were in fact highly metastable. As a result, amorphous and potentially less conductive materials formed as side-products in the grain boundaries may have precluded realization of the true crystalline conductivity. 
Layered sulfides.

Sodium ion conductors
Sodium-ion batteries (NIBs) have been extensively studied in recent years as candidates for large-scale energy storage, Fig. 8 View Article Online because of the high abundance and low cost of sodium. [233] [234] [235] Similar to LIBs, NIBs also face safety concerns associated with the liquid organic electrolytes contained in the batteries. The pursuit of higher safety, lower cost and longer cycle life batteries renders the development of all-solid-state sodium batteries and sodium ion solid electrolytes highly desirable. In this section, different types of inorganic solid sodium ion conductors are described to give a global view of the solid-state sodium ion conductors available to date.
Na-b 00 -Al 2 O 3
Na-b 00 -Al 2 O 3 ceramics are well-known fast Na + ion conductors and are widely used as solid electrolytes for Na-S and Na-metal chloride batteries. 236 Owing to its high ion conductivity (0.2-0.4 S cm À1 at 300 1C), Na-b 00 -Al 2 O 3 is considered as one of the best solid electrolytes for solid-state sodium batteries. 236 However, its extremely high sintering temperature (1200-1500 1C) limits its application. The development, applications as well as the challenges of Na-b 00 -Al 2 O 3 in high temperature Na batteries have been reviewed by Rojo's group. 236 
NaSICON-type sodium ion conductors
NaSICON-type Li conductors were introduced in Section 2.1.5; in this part, NaSICON-type Na-ion conductors will be reviewed. NaSICONs derive from NaZr 2 (PO 4 ) 3 by partial substitution of Si for P, yielding the general formula Na 1+x Zr 2 Si x P 3Àx O 12 (0 r x r 3). The optimum total ion conductivity is obtained when x E 2, i.e. ) on the electrical conductivity and density of NaSICON. 241 All of these result in well-sintered, dense ceramics and enhanced electrical conductivity at high temperature, but the conductivity at low temperature was not reported. However, these doped systems are mixed conductors and only for Mg-doped and Nb-doped systems can the electronic conductivity be neglected. NaSICON ceramics are often not monophasic but are accompanied by a glassy phase. 242 The glassy phase generally comprises 243 NaSICON systems. In addition, monoclinic zirconia is easily formed from the liquid phase during the sintering. [243] [244] [245] [246] [247] Some studies found that the doping and sintering conditions also affect the microstructure and the nature of grain boundaries, and hence influence the conductivity. 248 Recently, a high ion conductivity of 4.0 Â 10 À3 S cm À1 at room temperature was reported for Sc-doped NaSICON, which is the highest value amongst the reported NaSICON-type conductors. 249 Based on a range of ion conductivity and structural data of NaSICON-type materials, Guin et al. 250 concluded that the highest ion conductivity was obtained when the Na content approximates 3.3 mol of Na per formula unit and the mean size of the M cations is close to 0.72 Å. In addition, the monoclinic-to-rhombohedral phase transition temperature was found to be influenced by doping. Jolley et al. 251 
Sulfide based sodium ion conductors
As in the case of Li, sodium thiophosphate materials have attracted much attention in recent years because of their relatively high ion conductivity, negligible grain boundary resistance and good ductility. 45, 255 Nonetheless, there are much fewer Na superionic conductors compared to Li sulfides, and their room temperature ion conductivities remain low. Exploration of highly conductive sulfide-based sodium ion conductors is eagerly underway. An exciting milestone in the development of Na ion conductors was the stabilization of the high-temperature cubic phase of Na 3 PS 4 (c-Na 3 PS 4 , space group: I% 43m) by crystallization from the glassy state, which exhibited high Na + -ion conductivity (2 Â 10 À4 S cm À1 ). 198 The conductivity was subsequently improved to 4.6 Â 10 À4 S cm À1 by using high purity (499%) Na 2 S as a precursor. This achievement for c-Na 3 PS 4 ignited a resurgence of interest in sodium thiophosphates, given that the tetragonal phase of Na 3 PS 4 (t-Na 3 PS 4 , space group: P% 42 1 c) exhibits a conductivity one order of magnitude lower. 256 The substantial difference in the ion conduction properties was initially assumed to imply that fast ion conduction is causally related to the symmetry of Na 3 PS 4 . Fig. 10a shows the average cubic and tetragonal Na 3 PS 4 crystal structures along the b-axis. 257 Only small structural differences exist between the two polymorphs of Na 3 PS 4 , mostly in the Na cation distribution, the orientation of the PS 4 3À tetrahedral, and the lattice dimensions.
Nevertheless, despite the experimental discrepancy between the cubic and tetragonal phases, theoretical calculations indicated, in fact, that both pristine c-Na 3 PS 4 and t-Na 3 PS 4 structures exhibit extremely poor and similar ion conductivity. 258 Systematic investigations of the synthesis parameters for Na 3 PS 4 under different conditions (e.g., temperature, nature of the reaction vessel, mass of the precursors) revealed that reaction of the precursors with the reaction vessels produced different polymorphs. 259 These results suggest that the stabilization of metastable c-Na 3 PS 4 can not be explained only by an entropy contribution, but is more likely induced by the precursors reacting with the silica reaction tubes. Elements from the tubes may be incorporated into the structure of Na 3 PS 4 or alternatively, off-stoichiometry may be induced in the structure by consumption of some precursors via the reaction with the tubes. The latter is more likely, 259 considering that aliovalent doping (e.g., the replacement of P 5+ with Si 4+ ) appears to be not energetically favorable. 258 New efforts have been made to uncover the origin of the enhanced ion conductivity in cubic Na 3 PS 4 , and to determine if the difference in the transport behaviour between the cubic and tetragonal phases arises from structural differences, microstructural variations, or disparities in the defect concentration. Rietveld and pair distribution function (PDF) analyses were performed to probe the average and local structures of Na 3 PS 4 prepared through two different synthetic routes (ball-milling and high temperature synthesis). 257 While Rietveld analysis indeed points to the average structure of Na 3 PS 4 prepared through ballmilling and high temperature routes being cubic and tetragonal, respectively, PDF analyses showed that both Na 3 PS 4 compounds exhibit the same tetragonal structural motif on the local scale (Fig. 10b) . EIS suggests that the high ionic conductivity of ''c''-Na 3 PS 4 is not related to the crystal structure, but rather the defects induced by the harsh ball-milling conditions. 
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Although stoichiometric Na 3 PX 4 (X = S, Se) compounds were determined to be poor Na ion conductors, theoretical work also suggested that reasonably high conductivity can be realized with the introduction of Na + interstitials or Na vacancies that induce disorder. 258 rationalized by hard and soft acid and base (HSAB) theory. Very surprisingly (and questionably), Na 3 SbS 4 is reported to show good compatibility with metallic Na, and to be electrochemically inert up to 5 V based on cyclic voltammetry (CV) measurements. 
Nonetheless, although CV is a valuable technique, it is not sufficient to assess stability of an SE since it is too fast to detect slow decomposition reactions in ASSBs. Recently, Zhang's group successfully synthesized Sb-and Se-substituted Na 3 SbSe 4 with a high conductivity of 3.7 Â 10 À3 S cm À1 and low activation energy of 0.19 eV. 265 The conductivity of these compositions and the schematic illustration of anion and cation size on Na ion transport are shown in Fig. 10c and d , respectively. 198, 252, 256, 261, 262, [265] [266] [267] [268] [269] [270] The Na version of LGPS represents another class of sulfide conductors. Na 10 GeP 2 S 12 (NGPS) was computationally predicted to have a conductivity of 4.7 Â 10 À3 S cm À1 by Kandagal et al. 271 Richards et al. 272 subsequently predicted an increase in the Na + diffusivity and a decrease in activation energy in the series Sn o Ge o Si for Na 10 MP 2 S 12 (M = Si, Ge, Sn). They reported the composition Na 10 SnP 2 S 12 with an experimental conductivity of 4 Â 10 À4 S cm À1 , 272 but the structure was not disclosed. MD simulations suggested it is a 1D ion conductor, with chains of NaS 4 tetrahedra linked along the c-axis providing facile diffusion. Later, Hayashi's group reported a glass-ceramic with a nominal composition of ''Na 10 GeP 2 S 12 '' that showed a conductivity of 2.4 Â 10 À5 S cm À1 and a XRD pattern similar to the simulated ''Na 10 SnP 2 S 12 ''. However, the structure was again not resolved. 272 Very recently, the targeted synthesis of stoichiometric Na 11 Sn 2 PS 12 as a polycrystalline powder provided a pure phase material that exhibits a very high conductivity of 1.4 Â 10 À3 S Â cm À1 and low activation energy of 0.24 eV. 267 The structure of the new phase, Na 11 Sn 2 PS 12 was solved from single crystal X-ray diffraction ( Fig. 11a and b) . In contrast to the LGPS (or NGPS) structure type, the Na + ions occupy only octahedral sites and the Na ion conductivity is completely three dimensional as demonstrated by AIMD simulations (Fig. 11c-e) . 267 Vital to ion conduction in this 3D percolating network is the disorder of the Na + ions over the almost-fully occupied and partially occupied sites that alternate in all crystallographic directions. Low energy Na + -ion hopping is favored by the equienergetic octahedral sites, and spacious iso-energetic pathways for transport. Experimental measurement of ion conductivity and activation barrier for Na-ion mobility closely matched that from AIMD simulation (0.20 eV), with the E a being the lowest reported for a sodium thiophosphate in the literature to date. Following this publication, the same phase was also reported elsewhere, with a higher conductivity (3.7 Â 10 À3 S cm À1 ) but also with an unusually higher activation energy (0.39 eV). 273 4. Ion conduction mechanism and principles to design fast ion conductors
Mechanism of ion conduction
Understanding the ion transport mechanism is critical to guide the design of fast ion conductors. The conventional knowledge of ion transport in solid materials is based on the classic diffusion model which depicts ion diffusion as the hopping of an individual ion from one lattice site to its adjacent vacant site, which is termed ''direct-hopping'' (Fig. 12a) . The ion conductivity of solid materials is closely related to crystal structure and is governed by the ion concentration (n), activation energy (E a ), and the mobility of mobile ion carrier (m):
where q is the charge of the mobile ions, E a is the activation energy, and k B is the Boltzmann constant.
A low activation energy and high concentration of mobile ion carrier species (vacancies or interstitials) are necessary to obtain high conductivity. The underlying crystal framework Fig. 11 Structure of Na 11 Sn 2 PS 12 from single crystal data. (a) The framework showing ordering of the SnS 4 (dark blue) and PS 4 (light blue) tetrahedra; yellow spheres are S; and rose/red ellipsoids are sodium ions. The Na(1)/Na(2) ions (sites with fractional occupancy) are represented by pink ellipsoids and the Na(3)/Na(4)/Na(5) ions (almost fully occupied sites) are shown as red ellipsoids; (b) the small tetragonal cell (a 0 Â a 0 Â c 0 ) equivalent to Li 10 GeP 2 S 12 is related to the actual tetragonal cell (a Â a Â c) of Na 11 Sn 2 PS 12 as follows: a = a 0 O2; c = 2c 0 ; Na-ion probability density isosurface (yellow) obtained from ab initio molecular dynamics (AIMD) studies at 1050 K for 40 ps, showing the nature of the 3D Na + ion conduction paths: (c) sodium diffusion along the c axis involves a pathway along -Na(4)-Na(1)-Na(3)-Na(1)-chains; the Na-ion probability density obtained from the AIMD Na-ion trajectories in the ab plane shows the pathways at (d) z = 0.125 and (e) z = 0.25. View Article Online determines the energy landscape of ion migration, while the energy barrier depends on the highest energy of the energy landscape along the decisive migration pathway (saddle-point).
For the same crystal framework, similar migration barriers were predicted according to the classic diffusion model, which failed to explain the significantly lower activation energy barriers and abrupt increase in ion conductivity observed at certain doped composition (e.g., doped LLZO and NaSICON). 274 Besides the classical ''direct hopping'' mechanism, another conduction mechanism was also proposed. Using DFT calculations, Shi et al. 275 predicted that the dominant intrinsic defect in Li 2 CO 3 , Li i + , prefers to diffuse through a correlated migration mechanism ( Fig. 12b and c) , as opposed to the direct hop mechanism. Later, they also found that in b-Li 3 PS 4 , the correlated migration of Li i + along [010] has the lowest migration barrier. 276 The correlated mechanism is in fact the same as the later proposed ''concerted mechanism'' or ''collective mechanism''. The lower migration barrier of the concerted mechanism compared to the conventional direct hop mechanism was also reported in Li 3 OX (X = Cl, Br), 100 doped Li 3 PO 4 , 277 and LLZO. 158 Recently, Mo's group 274 surveyed ion diffusion in a series of fast ion conductors, including Li 7 P 3 S 11 , b-Li 3 PS 4 , LiSICON, LLTO, revealing that the mobile ions occupying the high-energy sites can activate concerted migration with a reduced diffusion barrier. Strong ion-ion Coulomb interactions in the unique mobileion configuration with high-energy site occupancy are key for achieving low-barrier concerted migration in these solid ion conductors. During the concerted migration of multiple ions, the ions located at the high energy sites migrate downhill, and cancel out a fraction of the energy barrier caused by the uphill-climbing ions. This explains why the super-ionic conduction in doped LLZO and NaSICON is activated at certain compositions with increased alkali ion concentration, and provides a simple strategy to design fast ion conductors: inserting mobile ions into high energy sites to trigger concerted migration with a lower energy barrier.
Principles to design fast ion conductors
In general, certain structural prerequisites should be satisfied in order to ensure fast ion conduction in solid materials: (1) as ion transport proceeds locally by thermally activated jumps between adjacent sites (local energy minima), jumps need to be connected in ''conduction channels'' that allow long range transport. These conduction channels should have a suitable View Article Online geometry that enables direct passage of the mobile ions but obviates energetically high transition states. While narrow bottlenecks obviously restrict mobility, passages that are too wide also impair motion. For example, the b 00 -Al 2 O 3 and NaSICON structures are more suitable for Na ions, and exhibit higher conduction for Na than Li ions. This may seem counterintuitive, but results from the interplay between polarizing effect and polarizability. (2) Materials with face-sharing polyhedra, as opposed to edge-sharing, have favorable ion mobility since the bottleneck in the face-shared case is larger. Thus, ion channels with high mobility are easily formed when facesharing polyhedra are connected throughout the structure of the SE. 99 (3) Different alkali ion sites along the transport path should ideally have similar potential energies with low migration barriers for ion transport between adjacent sites.
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(4) Structural disorder and hence ''partial'' vacancies or interstitials in the mobile ion sub-lattice are necessary. 279 Compounds that exhibit only small concentrations of well defined vacancies or interstitials, formed by either Frenkel or Schottky-type defect formation reactions, are usually poor room temperature electrolytes, as the defect formation enthalpy is then included in the activation energy of ion conductivity. (5) The anion sub-lattice arrangement is also paramount for the diffusion of ions as recently highlighted. 99 (6) High polarizability of the anion sub-lattice is advantageous for good cation mobility. Numerous sulfide, thiophosphate, and iodide materials show higher conductivity than oxides for this reason. The important role of the polarizability of the anion sublattice has recently been highlighted using lithium superionic argyrodites Li 6 PS 5 X (X = Cl, Br, I) and sodium superionic Na 3 PS 4Àx Se x as examples: softer bonds lower the activation barrier but simultaneously decrease the prefactor of the moving ions. 224, 280 In fact, the softer lattice is associated with smaller attempt frequencies, and thus, a smaller pre-factor. 279 This explains some old empirical rules connecting prefactors and activation energies, and suggest that design rules for SEs need to consider both the energy landscape (activation barriers) and the phonon spectrum (attempt frequencies). 224, 279, 280 (7) General thermodynamic arguments have led to -at least in simple structures -a powerful search strategy that is based on the correlation between charge carrier concentrations and melting points (also Tammann's rule 281 ) that has been elucidated by Maier's group. 282 Ceder's group proposed (geometric) design principles for superionic conductors and suggested that a body-centered cubic-like (bcc) anion framework allows the Li + ions to migrate within a network of interconnected tetrahedral sites with a lower activation barrier than other close-packed frameworks and is most desirable for achieving high ionic conductivity. 99 This feature was verified in recently discovered highly conducting materials such as Li 10 an extremely low barrier of 0.15 eV along the path connecting two face-sharing tetrahedral sites (Fig. 13a) . In the fcc lattice, Li + ions migrating between two tetrahedral sites have to pass through an intermediate octahedral site, which makes the energy barrier much higher (Fig. 13b) . The same situation exists in the a-b plane of the hcp lattice (Fig. 13c) . The frameworks of some structures cannot be closely matched to either a bcc, fcc or hcp sublattice, but accommodate a network composed entirely of tetrahedral sites for the mobile cations, in which cation migration through the percolating face-shared tetrahedral sites also shows low activation energy. Such frameworks can be found in argyrodite-type Li 6 Additionally, it is worth noting that more efforts are needed to reduce the grain boundary resistance for crystalline materials, especially oxides. In heterogeneous systems, the contribution of interfaces determines the overall conducting property. The research on synergistic ion conduction effects in heterogeneous systems originated from the discovery of solid-solid composite electrolytes (typically formed by uniformly admixing fine oxide particles in an ion conducting matrix, e.g., LiI:Al 2 O 3 or CaF 2 :SiO 2 ) which show an anomalously high conductivity in comparison with pure phases 284 due to increased carrier contributions. 285 The space charge concept was introduced to interpret the adsorption effect of one type of ion on an insulating surface along with the significance of boundary layers with regard to ionic conduction. There is the possibility of excess storage in nano-composite materials due to the space charge effects. This composite concept proved powerful for increasing carrier concentrations but not mobilities. In Section 2.1.1.1 we briefly mentioned LLT composites in which the admixture of SiO 2 or Al 2 O 3 decreased the grain boundary resistance by affecting the grain boundary structure directly. The conductivity of glass-ceramic electrolytes is influenced by the interface between them. 286 The existence of a fast ion conduction interfacial regime between the glassy and crystalline phases was verified by Schirmeisen et al. 287 A general explanation for these anomalies relies on space charge models that consider the depletion or accumulation of lithium vacancy point defects as a consequence of the defects at the interface. Solid-liquid composite systems such as soggy-sand electrolytes 288, 289 or ion-exchange polymers 290,291 deserve a brief mention in this context as they can offer excellent compromises between electrical properties (high conductivities and high Li-transference numbers) and mechanical properties (malleability, flexibility and good contact to electrode particles) that are difficult to achieve with pure solid phases. Similarly, enhanced conductivity with a percolation behavior has also been observed in these heterogeneous systems. 
Evaluation of the electrochemical stability of SEs
Although significant progress has been made in the search for solid electrolytes with high ion conductivity, there are still many fundamental challenges impeding the commercialization of solid-state batteries. 7, 294 Most notably, these include chemical/ electrochemical stability and resistance at the interface between the solid electrolytes and electrode materials. The properties of the SE/electrode interface -at both the positive and negative sides -are of vital importance to the function of the ASSBs. Although some fast-ion conducting solid electrolytes (mainly sulfides, thiophosphates and their derivatives, e.g., Li 10 GeP 2 S 12 , Li 7 P 3 S 11 , Li 6 PS 5 Cl) show promising conductivity comparable toor even higher than -liquid electrolytes, the ASSBs assembled with these SEs typically exhibit inferior electrochemical performance than their liquid-cell counterparts. The sluggish chargetransfer across the SE/electrode interface caused by high interfacial resistance is usually the limiting factor for the poor cell kinetics. 7 The origins of the interfacial resistance are nested in one or more factors: poor physical interfacial contact; 295 mechanical failure of the contact with volume variation; 296 formation of lithium/sodium-depleted space-charge layers due to the large chemical potential difference between SE and electrode materials; 297 and degradation at the interface that is caused by mutual diffusion of elements and/or reactivity that results in 
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formation of an interphase. 298 Interphase formation may be ascribed 299 to several different sources. One is the reduction (at the negative electrode) or oxidation of SEs (at the positive electrode) due to the intrinsic thermodynamic instability of the SEs. SEs are often claimed to exhibit excellent stability based on wide electrochemical windows of 0-5 V or even higher that are typically derived from relatively fast CV measurements on the Li/SE/inert blocking electrode. These experiments do not reflect the practical battery situation as they are too fast to detect slow decomposition reactions at the interfaces. A second source is reactions between the SE and the electrode materials caused by the chemical instability between these two layers. Finally, interphases can be formed in situ by electrochemical reactions of the SE/electrode interface during charge/discharge processes. These three reaction types are different at the positive and negative electrodes, and are explained in more detail below. At the negative electrode, three different types of interfaces can be distinguished in the Li metal/SE contact, as schematically presented in Fig. 14a: (1) a thermodynamically stable interface; (2) a mixed conducting (growing) interphase (MCI); (3) and a metastable (non-growing) interphase (SEI). 299 The properties of these three interfaces influence the charge transfer kinetics differently. In the first case, Li metal and the SE in contact are a priori in thermodynamic equilibrium and metal ion transfer and associated relaxation steps will be rate-limiting. In the second and third cases, Li metal and the SE are thermodynamically unstable when in contact, and the reaction products control the transport properties of the interphase. As shown in Fig. 14b , a mixed conducting interphase forms and grows ''into'' the bulk of the SE material, if the formed products possess sufficient partial electronic and ion conductivity, resulting in the destruction of the electrolyte and eventual self-discharge of the battery. On the other hand, a stable interphase may form if the reaction products are ion-conducting but electronically insulating or if the electronic conductivity is fairly low (Fig. 14c) . The decomposition products inhibit continuous decomposition, acting as SEIs. While such interphases are inevitably formed, they are extremely difficult to monitor because of their thickness and the sparse techniques that are available to explore their buried nature. High resolution transmission electron microscopy studies -an obvious first choice -can in fact result in extensive beam damage, occluding the subject of investigation. Both surface science and theory have proven more insightful in predicting and identifying the interphase. In particular, in situ XPS (Fig. 14d ), in combination with EIS has been shown to be a powerful tool to investigate the compatibility of SEs with lithium metal. 213, 299, 300 DFT calculations suggest that most Li-SEs are thermodynamically unstable against lithium metal as expected. 10, 301 Sulfides show a significantly narrower thermodynamic stability window than oxide-based SEs. 301 The reduction products of thiophosphates at the Li interface are predicted to include Li 3 P and Li 2 S, and for those SE materials containing Ge, Cl, and I, a Li-Ge alloy, LiCl and LiI are formed, respectively. Theory 11 and XPS results 302 both show that LGPS is reduced at 0-1.7 V View Article Online and oxidized at 2-2.5 V. The final decomposition products in equilibrium with Li metal are Li 15 Ge 4 , Li 3 P and Li 2 S. These data are in contrast to the originally reported 0-5 V electrochemical window from CV measurement. 45 The electrochemical stability window of SEs is overestimated by CV method because of the slow kinetics of the decomposition reactions due to the limited contact area between the SE and the inert blocking electrode. 303 However, in practical bulk ASSBs, the reduction/ due to the poor electronic conductivity of the interphase, the electrochemical potential of the electronic carrier decreases abruptly from the anode to the SE. Therefore, the Li chemical potential (the sum ofm Li + andm e À) decreases in the interphase layer from the anode to the SE and is within the electrochemical window of the SE. As a result, the decomposition of the SE has no thermodynamic driving force to continue into the bulk and the SE materials are stabilized by the reduction interphase layer. This is the case illustrated by Fig. 14c , above. In contrast, passivation is not possible when the interphase layer is electronically and ionically conductive. The decomposition interphases of Ge-containing LAGP and LiSICON with Li metal, or Ti-containing LLTO and LATP are mixed electronic and ion conductors (see above), which leads to continuous decomposition of the SEs. Thus, the reduction reaction advances into the bulk of the SE (Fig. 14b and g ). In the case of sodium SEs much less work has been reported, but in principle sodium SEs exhibit the same thermodynamic instability against Na metal. Janek's group has recently proven the stability of Na-b 00 -Al 2 O 3 against Na metal and the instability of Na 3 PS 4 in a combined XPS and impedance study. 307 The electrochemical stability of many Li-ion solid electrolytes against oxidation with respect to cathode materials has also been investigated by DFT calculations, 10, 301 showing that many Li-SEs are thermodynamically unstable at high voltages (Fig. 15a) . 10, 301 While some oxide-based SEs show a higher reduction potential than sulfides, they also exhibit a much higher oxidation potential, up to 4 V and higher; particularly, NaSICON type materials (i.e., LATP and LAGP) are thermodynamically stable up to 4.2 V. In reality, an even higher nominal oxidation threshold of 45 V is exhibited due to the sluggish kinetics of oxidation and the electronically insulating properties of the decomposition products, which give rise to a significant overpotential. In the case of sulfides, a lower oxidation potential is predicted by calculations, namely, the oxidation of Li 6 310 The accumulation of highly oxidized sulfur species at the interface causes a large charge transfer resistance and thereby capacity fading (Fig. 15b) . 310 Furthermore, considerable redox activity of sulfide SEs in contact with cathode active materials presents more critical issues at the interface. 311 This sulfide SEs oxidation is verified to occur predominantly in close proximity to the current collector. The thickness of the formed degradation layer is determined by the cut-off voltage and the associated potential drop at the interface between the current collector and the SE. 311 Fortunately, the better oxidation stability of oxides has enabled engineering of the interface between fast-ion conducting thiophosphate-based solid electrolytes, and positive electrode materials such as lithium transition metal oxides. The reaction between the SE and cathode is hence ameliorated by surface coatings that protect the SE material. Calculations demonstrate that commonly used coating layer materials, including Li 4 (Fig. 15c) . 308 These coating materials for cathode materials can act as artificial SEIs to passivate the their surface and extend the electrochemical window, as illustrated in Fig. 15d . The large interfacial resistance that would otherwise arise from solid-solid contact is thus mitigated, contributing to excellent performance of ASSBs. 46 Energy & Environmental Science Review
Conclusions and future prospects for solid electrolytes and solid state batteries
To realize high performance solid-state batteries, solid electrolytes with high Li/Na ion conductivity, good chemical and electrochemical stability against cathode materials are required. If Li metal anodes need to be employed, SEs need also to be stable against reduction or have to be protected by a suitable protecting film. The total conductivity of oxide-based ceramics is highly dependent on the sintering conditions, the dopants, the density of the samples, and the nature of the grain boundaries. Alkali thiophosphate-based conductors show high conductivities ranging from 10 À3 to 10 À2 S cm À1 even for cold-pressed pellets.
However, they must be handled under an ultra-dry atmosphere since most of them are prone to hydrolysis because of their hygroscopic nature. Oxides are typically unstable in contact with Li metal and exhibit slightly lower ion conductivities than sulfides, but are more stable in air and easier to handle. A severe disadvantage of oxide crystalline conductors is their large grain boundary resistance, which is often several orders of magnitude higher than bulk values. Further efforts are needed to decrease this contribution. It should be noted that oxide or phosphate conductors should not contain elements that are easily reduced when in contact with a Li metal anode, such as Ti or Ge. Garnet conductors exhibit both excellent conductivities and high chemical stability, and thus they are thought to be one of the most promising oxide crystalline Li ion conductors. Nevertheless, the preparation of thin-films is necessary to reduce the total ohmic View Article Online resistance of these oxide electrolytes, and ceramic processing of garnets requires high temperatures. Although the search for solid electrolytes has experienced a recent upsurge, the development of ASSBs is still in its infancy. Compared with conventional liquid batteries, ASSBs can be stacked within a single package by alternating SE and bipolar electrodes (Fig. 16a) , 319 thus reducing the weight and volume of the package and increasing the energy density. However, some challenges still remain in the development of ASSBs: the instability of most SE in contact with Li/Na metal; the large interfacial resistance between SE and electrode materials mostly because of the limited contact area (Fig. 16b and c) ; and the incompatibility between SE and electrodes. The challenges and requirements for the large-scale production of all-solid-state lithium ion and lithium metal batteries are evaluated in a recent review. 320 To effectively utilize active materials and achieve good rate performance, appropriate techniques are needed to increase the electrode-electrolyte contact area and reduce the interfacial resistance between the electrodes and electrolyte, and allow for sufficient mechanical flexibility during charge/discharge. The mechanochemical preparation of nanocomposite electrodes and the surface modification of active material particles using electrolyte thin-films are effective strategies for achieving a favorable contact between the electrodes and electrolytes and enhancing the energy density of bulk solid-state batteries. 319 One other possible strategy is to form a mixed conducting network into the active material, so as to achieve fast electron conduction and create Li + ion transport channels. This conducting network could be an amorphous material or a wetting agent such as a non-flammable ionic liquid (indicated in green in Fig. 16d ). As demonstrated in a recent paper, improved interface kinetics can be realized by adding a very small amount of ionic liquid (PP 13 FSI) at the cathode side of the solid-state battery.
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These solid-state batteries exhibit excellent cycling performance (10 000 cycles at room temperature without capacity decay) and rate capability. Another possible solution is to develop hybrid electrolytes that combine inorganic electrolyte and polymer electrolytes to assemble a flexible all-solid-state battery, as demonstrated by Nan's group. 292, [321] [322] [323] Obvious solutions that are not fully explored are solid-liquid composites. 288, 289 Another challenge associated with ASSBs is the thickness of the SE layer and the electrode layer, which is determined by the fabrication technology. Well-known cold pressing methods (Fig. 16e) , largely used for sulfide based ASSBs, will limit energy density and are difficult to scale up for practical applications. One strategy to reduce the electrode thickness is to spray cathode and anode materials on both sides of the electrolyte (Fig. 16f) by adding small amount of a wetting agent. Another approach is to employ a wet coating process that is widely used in commercial production of conventional batteries (Fig. 16g) . This approach has the advantages of controllability of the layer thickness and the scalability, and has been employed to fabricate solid polymer batteries. 
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Future research should focus on the understanding of interfacial reactions and developing strategies to solve the incompatibility and instability of SE and electrode materials, as well as developing approaches to protect the electrodes and reduce the large resistance of the interface. It is also especially necessary to develop highly scalable methods for SE synthesis.
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